SF 6 is widely used in electrical equipment as an insulating gas. In the presence of an electric arc, partial discharge (PD) or spark, SF 6 dissociation products (such as SF 2 , SF 3 and SF 4 ) react with the unavoidable gas impurities (such as water vapor and oxygen), electrodes and surrounding solid insulation materials, forming several toxic and corrosive byproducts. The main stable decomposition products are SO 2 F, SO 2 F 2 and SOF 2 , which have been confirmed experimentally to have a direct relationship with discharge faults, and are thus expected to be useful in the fault diagnosis of power equipment. Various studies have been performed of the main SF 6 decomposition species and their concentrations under different types of faults. However, most of the experiments focused on the qualitative analysis of the relationship between the stable products and discharge faults. Although some theoretical research on the formation of main SF 6 derivatives have been carried out using chemical kinetics models, the basic data (chemical reactions and their rate constants) adopted in the model are inaccurate and incomplete. The complex chemical reactions of SF 6 with the impurities are ignored in most cases. The rate constants of some reactions obtained at ambient temperature or in a narrow temperature range are adopted in the models over a far greater range, for example up to 12 000 K, due to the difficulty in the experimental measurement and theoretical estimation of rate coefficients, particularly at high temperatures. Therefore, improved theoretical models require not only the consideration of additional SF 6 decomposition reactions in the presence of impurities but also on improved values of rate constants. This paper is devoted to determining the rate constants of the chemical reactions relating to the main byproducts of SF 6 decomposition in SF 6 gas-insulated power equipment: SO 2 F, SOF 2 and SO 2 F 2 . Quantum chemistry calculations with density functional theory, conventional transition state theory and Wigner's tunneling effect correction are employed to estimate the rate constants of four important chemical reactions: F + SO 2 F → SO 2 F 2 , F 2 + SO 2 → SO 2 F 2 , SO 2 F + SF 5 → SF 6 + SO 2 and SOF 3 + SF 3 → SF 4 + SOF 2 . The results are derived for a large temperature range, from 300 to 12 000 K, and finally fitted by a three-parameter Arrhenius equation. This work lays a basis for the further study of the SF 6 decomposition mechanism by means of chemical kinetics modelling.
Introduction
Sulfur hexafluoride (SF 6 ) is a man-made non-toxic and thermally stable gas that has been commercially available since 1947 [1] . It is a strongly electronegative gas both at room temper ature and at temperatures well above ambient, which principally accounts for its relatively high dielectric strength and good arc-interruption properties. Furthermore, it has excellent thermal conductivity and readily reforms itself when dissociated under high gas-pressure and temperature conditions in the presence of an electric arc, partial discharge (PD) or other discharge fault. Thus, the good insulating and heat transfer properties of SF 6 make it suitable for electrical insulation, especially for arc quenching and current interruption equipment such as gas-insulated circuit breakers, gasinsulated transformers, and gas-insulated switchgears (GIS) [2] . It is estimated that over 80% of power apparatus in electrical power systems worldwide employ SF 6 gas for insulation and interruption purposes, with circuit breakers and GIS applications accounting for most of these [3] . If discharge faults cannot be detected and treated in time, the possibility of serious damage to the power network arises.
In the presence of an electric arc, spark, corona or PD, extensive dissociation of SF 6 into sub-fluorides and single F atoms occurs due to the high gas and electron temperatures in the discharge region [4] [5] [6] . Most of the lower fluorides of sulfur (such as SF 2 , SF 3 and SF 4 ) recombine very rapidly with F atoms to reform SF 6 molecules [5, [7] [8] [9] . However, some of the decomposition products react with the unavoidable gas impurities (like water vapor and trace oxygen), electrodes or surrounding solid insulation materials to form byproducts [6] [7] [8] [9] , such as SOF 2 , SO 2 F 2 , SOF 4 , CuF 2 , through a series of complex chemical pathways [6, [10] [11] [12] [13] . Although SF 6 is chemically inert, the decomposition products of SF 6 are known to be poisonous and corrosive [7] . Their toxicity seriously threatens the health and safety of personnel during maintenance and clean-up of devices that have undergone faults. Besides, the effects of SF 6 decomposition products on the surrounding solid insulation materials lead to premature aging and severely impair the long-term reliability of equipment and the power system. Furthermore, the SF 6 decomposition products cannot recombine to the original SF 6 molecular independently at low temperature, thereby reducing the SF 6 concentration, which accelerates the degradation of the insulating properties. The weakening of insulation capacity means that the normal operation of the power equipment cannot be guaranteed, and results in unpredictable impacts on the power system. Therefore, extensive works in SF 6 gas discharge and its decomposition products, focusing on the mechanism of SF 6 decomposition [14] [15] [16] [17] [18] [19] , the key byproducts under different conditions [20] [21] [22] [23] [24] and their application for fault diagnosis and condition assessment [25] [26] [27] , have been carried out.
PD is the most common phenomenon caused by insulation defects in SF 6 gas-insulated equipment [25] . At present, insulation failure, which is usually caused by PD and electric arcs, is the main fault in SF 6 gas-insulated equipment. The accumulation of multiple PD discharges leads to insulation degradation, resulting in severe effects on both the equipment and the power system. The ultra-high frequency method (UHF) is widely used in PD monitoring and detection [25, [28] [29] [30] [31] , but has the drawback that the ingress of external interference directly affects the sensitivity and reliability of acquired PD data [32] . As a result, it is necessary to develop an effective supplementary approach to improve insulation fault diagnosis of SF 6 power equipment. The SF 6 gas decomposition products analysis method, which can compensate for the deficiencies of the UHF method due to external interference, has become a hot research topic in recent decades. There have been many studies of the relationship between SF 6 decomposition products and GIS insulation defect modes, discharge voltage and discharge time in the presence of trace water and oxygen impurities [33, 34] . The results indicate that the main gas species of SF 6 decomposition and their concentrations are affected by the types of the GIS insulation defects (e.g. the protrusion defects, particle defects, contamination defects and gap defects) and by the impurity content. Hayashi et al [35] explored the main stable products of SF 6 decomposition, comparing two experiments and confirming that SF 4 and SOF 2 emerged as the candidates for the main gaseous decomposition products. Wang et al [36] investigated SF 6 decomposition for different forms of defect and found that the main stable products were SO 2 F 2 , SO 2 and S 2 OF 10 for PDs induced by metal protrusion defects, and CF 4 , CS 2 , SO 2 for creeping discharge faults. Zhang and Tang et al [33, 37] used a variety of experimental studies to show that SOF 2 and SO 2 F 2 were the main products for any type of fault and that the ratio of the concentrations of these products can be used to detect the PD. They also studied the effect of trace water and oxygen on the decomposition characteristics of SF 6 under PD, and found that an increased concentration of O 2 inhibited the production of CF 4 but promoted the formation of SOF 2 and SO 2 F 2 .
In the case of the arc discharge, SF 6 decays in the presence of impurities such as metal, carbon, oxygen and water coming from electrode and nozzle erosion and desorption. This means that the chemical composition is no longer pure SF 6 , and the dielectric recovery strength cannot be evaluated assuming a pure SF 6 plasma. Further, the accumulation of decomposition products erodes the solid insulation material and reduces the dielectric strength of SF 6 . To address these processes, various studies have examined the generation mechanism of SF 6 decomposition byproducts in the presence of metal vapour, trace water and oxygen as well as the solid organic insulator [38] [39] [40] [41] [42] under the influence of electric arcs. Belmadani et al [5] conducted a series of measurements in order to define the origin and the production rate of the CF 4 formed under the effect of arcing in SF 6 gas-insulated circuit breakers and found that SF 6 is the main contributor to the formation of CF 4 . Coll et al [43] investigated the composition variations occurring in decaying SF 6 arc plasmas in the presence of the vaporization of organic insulators, copper, oxygen and water between 12 000 K and 300 K by means of a chemical kinetics model, showing that the impurities are closely related to the formation of SF 4 , SOF 2 , SO 2 F 2 and S 2 F 10 . Adamec et al [44] [45] [46] studied the evolution of the decomposition of pure SF 6 as temperature decreased from 12 000 to 300 K in the decay of an SF 6 arc. They found that for temperatures of 3000 K and above, the main species was the electron, which inhibited arc extinction. For temperatures below 3000 K, the concentration of electrons rapidly decreased to 10 −7 mol m −3 or less, whereas the generation of neutral species such as SF 6 and SF 4 increased, leading to dielectric recovery. It should be mentioned that the species and reactions were treated differently by different authors and there are important inaccuracies and imperfections in the basic data (cross-sections and reaction rate constants) of the chemical kinetics model, which is widely used to study atmosphere cold plasma [47] [48] [49] , so the solutions for temperatures below 3000 K differ significantly [46] .
Based on the above analysis, although SF 6 decomposition byproducts have been recognized as a new fault diagnosis method for SF 6 gas-insulated power equipment and many studies have investigated the gas species under different conditions, it is clear that the formation of the main SF 6 decomposition byproducts is not well understood. Our knowledge of the decomposition of SF 6 is therefore seriously incomplete. Most of the experimental studies focused on the qualitative analysis of the relationship between the stable byproducts and discharge faults. Although some theoretical research on the formation of main SF 6 derivatives has been carried out using chemical kinetics modelling, the basic data (such as chemical reactions and their rate constants) of the model are inaccurate and incomplete, leading to great departures from the actual SF 6 decomposition performance. The complex chemical reactions of SF 6 with impurities such as O 2 and H 2 O are ignored in most cases. Besides, due to the difficulty in the experimental measurement and theoretical estimate of rate coefficients, some of them only under a single temperature or in a very narrow temperature range are taken into consideration. Therefore, in order to improve the chemical kinetics models for SF 6 decomposition analysis, additional chemical reactions of SF 6 decomposition in the presence of O 2 and H 2 O, including their rate constants and mechanisms, have to be studied. In this paper, the reaction rate constants over a wide temperature range, 300 to 12 000 K, and the mechanisms of the chemical reactions relating to the main products of SO 2 F, SO 2 F 2 and SOF 2 are thoroughly investigated.
Three main approaches are used to measure or estimate the chemical reaction rate constant. First, several experimental methods such as pulse radiolysis with time-resolved ultraviolet absorption spectroscopy [50] and laser flash photolysis with atomic resonance fluorescence [51] are employed for rate coefficient measurement at ambient temperature. However, they cannot be used over a large temperature range. Second, theoretical calculations based on collision cross-section parameters are a useful approach to determine the rate constant [52] [53] [54] . The cross-sections of electron impact reactions are, however, more readily available than those of reactions without electrons. Finally, in recent decades, the conventional transition state theory (CTST) [55] [56] [57] [58] [59] combined with density functional theory (DFT) [60] has become a popular and effective approach for rate constant calculation. CTST connects the geometric structures of the reactants with the rate constant of the chemical reaction, allowing estimation of the rate constant based on statistical mechanics and quantum mechanics. CTST and DFT have been widely used in the calculation of reaction rate constants in environmental engineering [61] , medical engineering [62] and chemistry industry [63] .
Due to the complexity and variety of SF 6 reactions with water and oxygen, data for only a few chemical reactions and their rate constants (most of them only for room temperature or in a narrow range of temperatures) are available from experimental studies or thermodynamics databases. Further, the collision cross-section parameters for the chemical reactions are generally not found in databases or the literature, which makes it impossible to estimate the rate constants directly. Hence, there are serious difficulties in obtaining the reaction rate constants for SF 6 decomposition over a wide range of temperatures from both experimental approaches and the cross-section method. In contrast, the combined CTST and DFT approach is expected to be helpful in determining the relevant rate constants.
As a consequence of the above considerations, we have devoted this paper to investigating the rate constants of relevant chemical reactions using the CTST combined with DFT. It is known from the literature that SO 2 F, SO 2 F 2 and SOF 2 are main stable SF 6 decomposition products when arc or PD faults occur in SF 6 power device. The rate constants of four chemical reactions relating to these main products [1, 64, 65] : (1) F + SO 2 F → SO 2 F 2 , (2) F 2 + SO 2 → SO 2 F 2 , (3) SO 2 F + SF 5 → SF 6 + SO 2 and (4) SOF 3 + SF 3 → SF 4 + SOF 2 , are studied by employing quantum chemistry calculations with DFT, CTST and Wigner's tunneling effect correction. The optimized geometrical parameters, harmonic vibrational frequencies and zero-point energies (ZPE) of reactants, transition states and products are calculated using the DFT method. The reaction path is verified by intrinsic reaction coordinate (IRC) calculations. The rate constants are estimated by CTST [55, 56, 60] including Wigner's tunneling effect correction [56, 66] and finally fitted with a three-parameter Arrhenius equation [66] .
Computational methods
DFT [60, 67] is one of the most efficient quantum chemical methods to provide approximate solutions to the Schrödinger equation, the fundamental equation of quantum mechanics that describes any given chemical system. The theory replaces the many-body electronic wavefunction with the electronic density ρ(r) as the basic quantity to study the geometry structure and ground-state energy of the multi-particle system. DFT attempts to increase the accuracy of calculation and reduce the computational demands of traditional methods, but the major problem is obtaining the exact exchange-correlation functional. To deduce this functional, many approximations exist, such as B3LYP [68, 69] , GGA [70, 71] and TPSSh [72] functionals, which permit the calculation of molecular properties at various levels of accuracy. Nowadays, the DFT with the use of the B3LYP functional is the dominant choice in a wide variety of chemical systems [73] and theoretical studies founded on DFT [74, 75] are available for the SF 6 molecule. The basis sets like 6-311 G(d,p) and 6-311++G(3df,3pd) are used to describe the atoms in a multi-particle system. The choice of basis set depends on the complexity of the species and the accuracy required of the calculation. In this paper, the reactions involving complex structures, reactions (3) and (4), are calculated with the larger B3LYP/6-311++G(3df,3pd) level to ensure that the calculation converges. The simpler species involved in reaction (1) and (2) are computed with B3LYP/6-311G(d,p) level to satisfy the demands of accuracy and high efficiency. The optimized geometries and ZPEs of all the species and transition states are calculated using the B3LYP method with the 6-311G(d,p) or 6-311++G(3df,3pd) basis set. The harmonic vibrational frequencies are obtained at the same level of theory to characterize the species as local minima or first-order saddle point. The transition states are subjected to IRC calculations to facilitate connection with minima along the reaction paths. Single point energy (SPE) calculations are carried out with the sophisticated CCSD(T) ab initio method [76] with a large aug-cc-pVTZ basis set to obtain more accurate energies and barrier heights. All the calcul ations mentioned above are carried out with the Gaussian09 program package [77] .
The CTST [55, 78] , which is based on statistical mechanics and quantum chemistry and connects the microstructures of the reactants with the rate constants, is used to estimate the rate constants according to:
where σ is the reaction path degeneracy, k b is Boltzmann's constant, T is the temperature, h is Planck's constant, R is the ideal gas constant, p 0 is the pressure value under standard conditions (1 bar), ΔG 0,≠ (T ) is the standard Gibbs free energy of activation for the reaction, and Δn is set equal to 1 or 0 for gas-phase bimolecular or unimolecular reactions respectively. According to the literature [79] [80] [81] , σ can be obtained by:
where σ(R) and σ(TS) are the rotational symmetry numbers and n(R) and n(TS) are the number of chiral isomers of the reactants and the transition state, respectively. The rotational symmetry numbers and ΔG 0,≠ (T ) are obtained from the results of structure optimizations and energy calculations by means of DFT using the Gaussian09 program. The calculations of the rate constants are performed with the KiSThelP program package [79] . The resonant frequency correction factor and tunneling coefficient are considered in this paper. The vibrational scaling factor of the 6-311G(d,p) and 6-311++G(3df,3pd) basis sets is about 0.967 [82] . The Wigner correction based on the imaginary frequency lm(σ) ≠ of the transition state is employed. It is characterized [56, 83] by the following relation:
The corrected rate constant is given by ( )
The electric arc fault leads to high temperatures. In order to take both the arc and PD conditions into consideration, the rate constants are given over a wide temperature range, from 300 to 12 000 K. Although arc temperatures can be above 20 000 K, all molecular species will be fully dissociated above 12 000 K. Finally, the three-parameters Arrhenius equation is used to fit the rate constant in the following formulation:
where A and E a are the prefactor and activation energy, respectively. The maximum deviation is therefore only 0.014 Å, which is within the acceptable range. The largest bond angle deviation in the reactant SO 2 F is 0.277° for the angle ∠O-S-O. In the product SO 2 F 2 , the largest bond length deviation is 0.018 Å for the S-F bond, and the largest bond angle deviation is 0.476° for the angle ∠O-S-O. These comparisons show that the three methods can meet the requirements of computational accuracy. The B3LYP/6-311G(d,p) level offers the best compromise between accuracy and computational cost, and is employed in the calculations of reaction (1) and (2). Table 1 lists the energy profiles including the ZPE, SPE, the total energy E total including ZPE correction, the relative energy E relative and the harmonic vibrational frequencies of all species involved in the reaction F + SO 2 F → SO 2 F 2 .
Results

The reaction F
Harmonic vibrational frequency calculations are performed to confirm that the optimized structures of SO 2 F and SO 2 F 2 are the stable points on the potential energy surface, as shown by their real frequency values, and TS1 and TS2 are the first-order saddle points, as shown by their single imaginary frequencies. Figure 2 displays the potential energy profiles of reaction F + SO 2 F → SO 2 F 2 calculated including the ZPE correction. Figure 2 indicates that the product SO 2 F 2 can be obtained via TS1 and TS2 with the barrier heights of 94.4537 and 111.6475 kcal mol −1 through the reaction pathways A and B, respectively. The two paths A and B are the processes by which the S atom in the reactant SO 2 F interacts with the reactant F atom directly, leading to the formation of the product SO 2 F 2 .
Reaction mechanism.
It is worth noting that the difference in the structures between the transition states TS1 and TS2 leads to the different barrier heights in path A and B. In figures 1(a)-(d), the lengths of the F(3)-S bonds that are formed in TS1 and TS2 are 2.281 29 Å and 2.352 59 Å respectively, which are much longer than the normal bond length of 1.591 Å in the product SO 2 The single imaginary frequencies of TS1 and TS2 are 537.2085i cm −1 and 555.3484i cm −1 respectively. The analysis of the vibration mode of the two imaginary frequencies reflects a stretching vibration between the F(3) and S atoms and verifies that the TS1 and TS2 are the transition states of F(3) atom migrating into the product SO 2 F 2 . The IRC calcul ations with B3LYP/6-311G(d,p) level also indicate that TS1 and TS2 are the transition states of reaction F + SO 2 F → SO 2 F 2 , connecting the reactants SO 2 F and F with the product SO 2 F 2 along the reaction path.
Rate constant calculation.
The rate constant of the reaction over the range from 300 to 12 000 K is predicted, based on equation (1) and the results calculated with the CCSD(T)//B3LYP/6-311G(d,p) level. Table 2 lists the data of all species involved in the reaction for the calculation of rate constant.
From table 2, the unknown parameters in equations (1) and (2) over the temperature range from 300 to 12 000 K. The CCSD(T)//B3LYP/6-311G(d,p) calculations of the energy profiles and the harmonic vibrational frequencies associated with the reactants, the TS and the product of the reaction are reported in table 3. Harmonic vibrational frequency calculations of all the species were carried out to confirm that the optimized structures of the species are local minima on the potential energy surface, and that the TS is the first-order saddle point. The potential energy profiles of the reaction F 2 + SO 2 → SO 2 F 2 at the CCSD(T)//B3LYP/6-311 G(d,p) level with ZPE correction are presented in figure 4. Figure 4 reflects the single reaction channel in reaction F 2 + SO 2 → SO 2 F 2 . The product SO 2 F 2 can be obtained via the TS with the barrier height of 96.198 63 kcal mol −1 . Figures 3(a)-(d) shows that the length of the F-F bond in F 2 stretches from 1.407 89 Å to 1.893 04 Å, then ruptures into two F atoms in the TS, which are then attracted by the S atom in SO 2 . The lengths of the formed F-S bonds are 2.322 67 Å and 1.913 68 Å in TS, which are longer than the normal values of 1.68 Å in the product SO 2 F 2 .
Reaction mechanism.
The only imaginary frequency of TS is 683.52i cm −1 . The analysis of the vibration mode of the imaginary frequency reflects stretching vibrations of the F-F and F-S bonds. It seems that when the F-F bond stretches, the F-S bond 
Rate constant calculation.
The calculations required to determine the rate constant of the reaction using equation (1) for the temperature range from 300 to 12 000 K were carried out. The required data for all the species involved are listed in table 4. The other data required in equations (1) and (2) for the calculation of the rate constant are as follows: the reaction path degeneracy σ = 4, the standard activation free energy of reaction over the temperature range from 300 to 12 000 K. Because complex molecular structures such as SF 6 and SF 5 are involved in the reaction SO 2 F + SF 5 → SF 6 + SO 2 , the application of the large B3LYP/6-311++G(3df,3pd) basis set provides the appropriate geometric systems for our purposes. The structures of the molecules and TS in the reaction are optimized at this level, as shown in figures 5(a)-(e). The optimized geometry of SF 6 used in the present work shows an octahedral symmetry structure and an average S-F bond length of 1.5758 Å, which is in a good agreement with the 1.584 Å obtained by Tang [74] and 1.593 Å obtained by Irikura [84] , also using the B3LYP approach but with a DZP++ basis set. The optim ized average S-F bond length is 1.554 Å in SF 5 , which is slightly shorter than the 1.577 Å obtained by Irikura [84] using the HF/6-31G* method. The comparisons support the rationale to employ the B3LYP/6-311++G(3df,3pd) level in the calculation of reactions (3) and (4). The energy profiles listed in table 5 include the ZPE, SPE, E total , E relative and the harmonic vibrational frequencies of all the molecules and the TS involved in the title reaction. The calculations were carried out at the CCSD(T)//B3LYP/6-311 + +G(3df,3pd) level. The stationary structures of SO 2 F, SF 5 , SF 6 and SO 2 were confirmed by the real values of the harmonic vibrational frequencies. The TS structure was verified by its single imaginary frequency. Figure 6 illustrates the potential energy surface of the reaction SO 2 F + SF 5 → SF 6 + SO 2 based on the CCSD(T)//B3LYP/6-311++G(3df,3pd) level of theory including ZPE correction. Figure 6 illustrates that the reaction system of SO 2 F + SF 5 will evolve along the single channel to the new system of SF 6 + SO 2 with a barrier height of 69.6968 kcal mol −1 . Figures 5(a) -(e) shows that the length of the S-F bond in SO 2 F stretches from 1.602 Å to 1.675 Å in the TS, then ruptures into a single F(9) atom and an SO 2 molecule. The F(9) atom is attracted by the S atom in SF 5 and the length of S-F(9) bond that is formed decreases from 2.654 Å in the TS to the normal value of 1.576 Å in SF 6 . The whole reaction process consists of a rupture of the S-F bond in SO 2 F and a formation of the S-F bond in SF 6 .
Reaction mechanism.
The calculated imaginary frequency of TS is 183.016i cm
. The analysis of the vibration mode of the imaginary frequency indicates a vibration of the F(9) atom between the S(1) and S(7) atoms. The TS can be further confirmed as the transition state of the reaction SO 2 F + SF 5 → SF 6 + SO 2 by this analysis. The IRC calculations in the direction of products also indicate the formation of a new system of SF 6 + SO 2 based on the B3LYP/6-311++G(3df,3pd) level.
Rate constant calculation.
The rate constant of the reaction over the temperature range from 300 to 12 000 K was determined using equation (1), based on the detailed para meters calculated at the CCSD(T)//B3LYP/6-311++ G(3df,3pd) level. In table 6, the detailed data already obtained for the calculation of the rate constant are listed.
From table 6, the unknown parameters in equation (1) and (2) over the wide temperature range from 300 to 12 000 K.
The reaction SOF
3 + SF 3 → SF 4 + SOF 2
Geometry optimization and energy calculation.
The structure calculations of all the reactants SOF 3 and SF 3 , products SF 4 and SOF 2 and transition state TS are optimized with the B3LYP/6-311++G(3df,3pd) level. The rationale for this method was discussed in section 3.3.1. Figures 7(a) -(e) depict the electronic structures of the molecules and TS of the title reaction with the same level. Table 7 lists the energetic information about the ZPE, SPE, E total , E relative and the harmonic vibrational frequencies of the corresponding species involved in the reaction with the CCSD(T)//B3LYP/6-311++G(3df,3pd) level. The duallevel was used to obtain more reliable energy parameters. Harmonic vibrational frequency calculations were performed to demonstratethat the TS has a single imaginary frequency and the stationary points of SOF 3 , SF 3 , SF 4 and SOF 2 did not have an imaginary frequency. Figure 8 displays the potential energy profiles of the reaction with the CCSD(T)//B3LYP/ 6-311++G(3df,3pd) level.
Reaction mechanism.
It can be seen in figure 8 that only one reaction path exists for the reaction SOF 3 + SF 3 → SF 4 + SOF 2 . Starting from the reactants SOF 3 and SF 3 , the products SF 4 and SOF 2 can be obtained via TS with a barrier height of 121.2134 kcal mol . Figures 7(a)-(e) shows that the S-F bond length in reactant SOF 3 stretches from 1.567 Å to 2.1513 Å in the TS, then ruptures into a single F(5) atom and an SO 2 F molecule in the TS. The F(5) atom is attracted by the S atom in SF 3 and the formed S-F(5) bond length is reduced from 1.9127 Å in the TS to the normal value of 1.6703 Å in the product SF 4 . The whole reaction process consists of the rupture of the S(7)-F(5) bond and the formation of the S(1)-F(5) bond in the TS. The calculated imaginary frequency of TS is 218.4304 cm
. A vibration of the F(5) atom between the S(1) and S(7) atoms can be observed by analysis of the vibration mode of the imaginary frequency, which further confirms that the TS is the transition state of the reaction. The IRC calculations at the B3LYP/6-311++G(3df,3pd) level also verify that the TS does connect to the minima along the reaction path of the reaction. (a)−(e) The optimized structures of reactants SO 2 F and SF 5 , products SF 6 and SO 2 and transition state TS of the reaction SO 2 F + SF 5 → SF 6 + SO 2 with the B3LYP/6-311++G(3df,3pd) level (bond lengths in Å).
Rate constant calculation.
The rate constant of the reaction over the temperature range from 300 to 12 000 K was predicted based on the results obtained at the CCSD(T)// B3LYP/6-311++G(3df,3pd) level. Table 8 lists the data of all molecules and TS involved in the reaction for the calcul ation of rate constant.
From table 8, several parameters for the calculation of rate constant can be obtained: the reaction path degeneracy σ = 4; the standard activation free energy of reaction over the wide temperature range from 300 to 12 000 K.
Comparisons and discussions
Comparisons between previously-publishedrate constants and our results for the four reactions considered are shown in table 9.The predicted data from previous work [14, 85, 86] were reported for room temperature only, unlike our results, which are valid for temperatures up to 12 000 K. There is little information about the rate coefficients at higher temperatures and few experimental data are available. It can be seen in , T = 300 K) of Borge [86] obtained using Lennard-Jones equation.
In contrast, there are large discrepancies between the k 3 and k 4 values at 300 K of Van Brunt and Herron [14, 86] and our results. According to Van Brunt and Herron's predictions, the last two reactions in table 9 were simply treated as the reverse of bond breaking reactions based on analogous reactions, and the rate constants were estimated with a large uncertainty, falling within a wide range from 10 −10 to 10 −12 cm 3 s −1 . It is should be noted that these reactions consist of not only a single S-F bond rupture, but also formation of a new S-F bond. In particular, the reaction SO 2 F + SF 5 → SF 6 + SO 2 can be considered as a combination of two simple reactions SO 2 F → SO 2 + F and SF 5 + F → SF 6 . Similarly, the reaction SOF 3 + SF 3 → SF 4 + SOF 2 can be considered as a dissociation reaction SOF 3 → SOF 2 + F combined with a recombination reaction SF 3 + F → SF 4 . The rate constants of the overall reactions can be calculated by multiplying those of the simple reactions. However, Van Brunt and Herron clearly failed to consider the bond-rupturing processes of the reactions in their assumptions (thus overestimating the rate constants) and also noted that reasonable adjustments and estimates were made to the rate constants to achieve a level of agreement with exper imental production rates. Although the rate constants of the simple reactions SO 2 F → SO 2 + F and SOF 3 → SOF 2 + F have not been reported to our knowledge, the rate coefficient of a similar dissociation reaction SF 6 → SF 5 + F was calculated using a quantum chemistry method. This reaction could be neglected owing to the low rate constant when the temperature is below 500 K (e.g. 9.6 × 10 −57 s −1 at 300 K), but is of great importance in SF 6 decomposition at higher temperatures, with the rate constant equal to 9.44 × 10 −28 s −1 at 1000 K [87] . Therefore, the rate constants (at 300 K) of the last two reactions in and the reactions start to play an important role in SF 6 decomposition. Therefore, our results are credible, although for higher temperatures, they will require confirmation by future work. The essential foundations for a chemical kinetic model include both a comprehensive set of reactions and corresponding accurate rate constants. Although the four reactions reported in the present paper are closely relevant to the generation and loss of the main byproducts in the decomposition of SF 6 in the presence of H 2 O and O 2 and should be of course adopted in a chemical kinetic model, additional reactions involving these decomposition products should be also taken into account. For example, if we consider the reaction of F + SO 2 F → SO 2 F 2 in a model, other reactions producing or reducing SO 2 F and SO 2 F 2 should of course also be considered, because the total generation or loss rate of a single species is the integrated result of every relevant reaction. Without this, the model will be incomplete and most likely inaccurate. Therefore, only by fully considering the coupling relationships and the mutual influences between the reactions as well as the species can a chemical kinetic model be guaranteed as complete.
We plan, using the methods presented here, to develop a comprehensive set of reactions (and the corresponding rate constants) for the decomposition of SF 6 
Conclusions
In this paper, the DFT-B3LYP The optimized geometries and zero point energies of all the species and transition states were calculated using the DFT-B3LYP method with the 6-311G(d,p) or 6-311 + +G(3df,3pd) basis set to meet accuracy and efficiency requirements. The harmonic vibrational frequencies were obtained also with the same level to characterize the species as local minima or firstorder saddle point. The transition states were subjected to IRC calculations to facilitate connection with minima along the reaction paths. Single point energy calculations were carried out with the sophisticated CCSD(T) ab initio method with a large aug-cc-pVTZ basis set to obtain more accurate energies and barrier heights. The rate constants were estimated using CTST based on the results obtained with DFT-B3LYP method mentioned above. The rate constants fitted in the three-parameter Arrhenius formation over the large temperature range from 300 to 12 000 K are as follows: The previously-available rate constants of reactions related to SF 6 decomposition obtained by experiment or theoretical prediction are valid over only a narrow temperature range, meaning they cannot be applied to the high temperatures occurring in arc faults. Therefore, the results obtained here using density functional theory (DFT) and CTST methods over the greatly-extended temperature range from 300 to 12 000 K represent an important advance. There is, as always, room to improve the calculations. Several advanced methods such as canonical variational transition state theory (CVT) [88] with small-curvature tunneling (SCT) correction [89] are expected to obtain more precise rate constants in future studies.
In conclusion, this work is expected to be helpful to lay a theoretical basis for the further study of the SF 6 decomposition mechanism in the presence of impurities and its application as a new method in electric arc or partial discharge fault diagnosis in electrical engineering applications. 
